Introduction
Under normal conditions, mammalian oocytes are fertilized in fallopian tube, and the zygotes develop into cleaved embryos in the shielding environment of the female reproductive tract. On the contrary, in vitro produced embryos as well as oocytes are prone to various environmental factors during manipulations in laboratories [1] . The adverse effects of pH fluctuations [2, 3] , high and low laboratory temperature [4] , change in carbon dioxide and O 2 level [5, 6] and light [7, 8] have been investigated to some extent. Among the environmental factors, light is known to exert some harmful effects on developmental competence of mammalian oocytes and embryos [9] . Extent of such harmful effects depends on the strain of animal. An obvious example of sensitivity to light are golden hamster zygotes: their meiosis is affected by the short-wavelengthnisms to protect themselves from harmful effects of light, especially UV irradiation [10] . The nature of light, wavelength and duration of exposure to light are responsible for its adverse effects on mammalian embryos [9] . The most harmful effects of light appear at lower wavelengths (<340 nm) [11] . However, visible light also has some adverse effects on embryos as well as oocytes. The stage of embryo is an important factor that determines the extent of harmful effects of light [12] . Experiments on preimplantation rabbit embryos have shown that after exposure of embryos to 1,600 lx visible light for 8 h the development of day-1 embryos had decreased. In addition, development of hamster 1-cell embryos has also been impaired following exposure to visible light in a timedependant manner [8] . In contrast, mouse oocytes exposed to 4,000 lx visible light for 1 to 4 h had both normal fertilization and speed of cleavage [13] . A recent study by Takenaka (2007) , in which B6D2F1 mouse zygotes were exposed to light from different sources and transferred into surrogate mothers, has shown very short exposure to sunlight and 15 min exposure to cool white fluorescent light reduced the rate of live term fetuses. Photo-mediated changes in DNA are known to be responsible for adverse effects of light on mammalian cells as well as embryos [14, 15] .
Some studies have addressed the ways by which deleterious effects of environmental factors on embryos are minimized. i.e., change in the composition of materials and refinement of culture media which are commonly used for gamete handling and embryo cultivation [16, 17] , application of well controlled gas mixture in CO 2 incubators [4, 5] , working at low density illumination, using green filters in the microscopes and utilizing feeder cells to refine in vitro embryo conditions [18, 19] .
Although at highly controlled conditions in vitro grown embryos have developmental competence, their quality is lower than in vivo grown embryos at the same developmental stage [4, 20, 21] . Numerous reports have demonstrated that feeder cells may enhance embryo development in vitro [22, 23] . However, controversies exist between reports after co-culture of embryos with various feeder cells in terms of implantation and the rate of take home baby [15, 24] . Some authors propose that feeder cells may enhance embryo development especially when suboptimal conditions are present [4, [25] [26] [27] . Since light is one of the physical factors of the embryonic environment with likely harmful effects on embryo development, the present study was designed to investigate the possible impact of visible light on development of mouse embryos and to demonstrate whether or not Human Embryonic Fibroblasts (HEF) and Mouse Embryonic Fibroblasts (MEF) as feeder cells may overcome probable harmful effects of visible light on mouse 2-cell embryos.
Materials and methods
All experiments were approved by Kerman University of Medical Sciences ethics committee for work on animals. A written consent was obtained from the parents to work on the aborted fetus. All chemicals were purchased from Sigma-aldrich Chemical Company (Saint Louis, MO, USA) unless otherwise stated.
Embryos
Six to 10-week-old female National Medical Research Institute (NMRI) mice were superovulated with intraperitoneal injection of 10 IU PMSG (Folligon, Intervet, Belgium) followed 48 h later by 10 IU hCG (Serono, Italy). Superovulated mice were caged overnight with male mice from the same strain with proven fertility. Pregnant mice were sacrificed with cervical dislocation 46-48 h later. Uterine tube and the distal portion of uterine horn was cut and transferred into drops of Hepes-buffered HTF with 3 mg/mL BSA (Roche, Germany). Two-cell stage embryos were flushed into pre-warmed HTF and after three washes in the same medium, morphologically normal embryos were used for the experiments.
Feeder cells
Two primary fibroblast cells were prepared in the laboratory. Mouse Embryonic Fibroblast (MEF) was prepared from 13-day old NMRI mouse embryos as described elsewhere [28] . Briefly, head and abdominal viscera were removed in the sterile conditions. Cells were released by trypsin/EDTA digestion for 30 min and harvested in 75 cm 2 culture flasks (Falcon®) at a density of 3×10 5 /ml in MEM-α supplemented with 10% FBS (Gibco, USA), 100 IU/ml Penicilline G and 60 μg/ml streptomycin. Sub-cultures were prepared after the cells reached a confluence of >90% in the same medium. Cells at passages 2-5 were used for experiments.
Human Embryonic Fibroblast (HEF) was prepared using the method described for MEF with minor modifications; briefly, the upper limb of a 13 week old aborted male fetus with normal karyotype was carefully dissected free of the skin. Underlying connective tissues were removed and digested by 0.1% hyaluronidase and 0.25% trypsin in PBS. Other steps were similar to the procedure for MEF preparation. Cells were used at passages 2-7.
Visible light
Light was emitted from a 30 W halogen lamp and was conducted via optic fibers (cool light) above the culture dishes with their lids open, inside a CO 2 incubator. The distance between the free end of optic fibers and culture dish was adjusted so that 1,600 lx illumination was applied to the embryos. Daily observation of embryos was carried out under constant minimal light intensity emitted from the light source of microscope (6 A, 30 W lamp). Each Petri-dish containing embryos was examined under an inverted microscope and returned back to the CO 2 incubator within 3 min.
Assessment of appropriate time for exposure of embryos to visible light
The appropriate time at which embryos were damaged after exposure to visible light was determined in three consequent experiments. To carry out these experiments, morphologically normal mouse 2-cell embryos were pooled in 30 μl drops of HTF medium [29] under 5 ml light paraffin oil in 60×15 mm culture dishes (Falcon®). In experiments 1, embryos in treatment and control groups were cultured in HTF with 3 mg/ml BSA for 5 days. In experiments 2 and 3, embryos in treatment group were exposed to visible light and with their control were randomly divided into two portions and were cultured in either drops of MEM-α with 10% FBS and HTF with 10% FBS for 5 days. Un-exposed embryos served as control in all experimental groups.
In experiment 1, mouse 2-cell embryos were randomly allocated to three treatment groups and one control group. Embryos in treatment groups were exposed to 1,600 lx visible light for 1, 2 and 3 h respectively. In experiment 2, mouse 2-cell embryos were randomly allocated to four treatment groups and one control group. Embryos in treatment groups were exposed to 1,600 lx visible light for 15, 30, 45 and 60 min respectively. In experiment 3, mouse 2-cell embryos were allocated to three treatment groups and one control group. Embryos in treatment groups received 1,600 lx visible light for 10, 20 and 30 min respectively. In experiment 1, at least eight embryos were used in each group and experiments were repeated three times. In experiment 2 and 3, at least six embryos per group were used and experiments were replicated six times. Embryos were examined under an inverted microscope every 24 h and the developmental rate of the embryos were recorded for 5 days (see below; Data collection and statistical analysis).
Co-culture of exposed and un-exposed embryos with MEF and HEF Both fibroblast monolayers (2×10 5 cell/ml) were prepared in 30 μl drops of MEM-α with 10% FBS under light paraffin oil 48 h prior to experiments. Twenty-four hours before the experiments were carried out, the media was changed with fresh MEM-α supplemented with 10% FBS. Two-cell embryos in drops of HTF were exposed to visible light for 30 min. Exposed embryos were removed and transferred into drops of MEM-α, HEF and MEF. Unexposed embryos were cultured at the same conditions as control. Experiments were replicated eight times with at least five embryos in each group.
Data collection and statistical analysis
Embryos were observed carefully every 24 h for 5 days under an inverted microscope (Nikon; TS100, Japan). Developmental stage of the embryos was determined daily. Development to morula at day 3, expanded blastocyst at day 4 and hatching or hatched blastocyst at day 5 was recorded. Differences between developmental rates in experimental groups were statistically analyzed by χ 2 test. A difference with P≤0.05 was considered statistically significant.
Results

Assessment of the suitable time of exposure of embryos to visible light
In experiment 1 none of the mouse 2-cell embryos developed beyond eight cell stage after >1 h exposure to visible light and culture in appropriate conditions. In addition, in experiment 2, few embryos developed to the blastocyst stage following 30-60 min exposures to visible light and culture in appropriate conditions (Fig. 1) .
Effects of visible light exposure for 10, 20 and 30 min on development of mouse 2-cell embryos According to the data obtained from experiments 1 and 2, in the next steps, embryos were exposed to 10, 20 and 
in developmental rate of embryos was noted when 30 min exposed embryos were cultured in MEM-α (MEM30; Fig. 2 ) and their developmental rate was compared to un-exposed embryos (MEM0; Fig. 2 ). In addition, when embryos were exposed to 30 min visible light and cultured in HTF medium (HTF30; Fig. 2 ), they had significantly lower developmental rate at day 5 compared to un-exposed embryos (HTF0; Fig. 2 ). No significant difference was detected between developmental rate of embryos in HTF and MEM-α group (Fig. 2) .
Effect of co-culture on development of un-exposed mouse embryos One hundred twenty 2-cell embryos (40 embryos in each group) were randomly cultured in MEF, HEF and MEM-α as control. The rate of development was higher (P<0.05) in both co-culture groups at day 3, 4 and 5 than control (Table 1) . Developmental rate of the embryos in MEF and HEF was nearly identical at day 4 and 5 with no significant difference.
Effect of co-culture on development of mouse embryos exposed to 1,600 lx visible light for 30 min One hundred and twenty five embryos were exposed to 1,600 lx visible light for 30 min in HTF supplemented with 10% FBS. The exposed embryos were randomly allocated to MEF, HEF and MEM-α as control. Co-culture of exposed 2-cell embryos with either feeder cells significantly (p<0.01 for HEF and p<0.05 for MEF) increased the number of expanded blastocysts and hatching or hatched blastocysts after 4 and 5 days cultivation (Table 1 ). In addition, developmental rate of exposed embryos cocultured with MEF and HEF (MEF30 and HEF30; Table 1 ) at either day studied was not significantly lower than unexposed embryos cultured in MEF and HEF (MEF0 and HEF0; Table 1 ).
Comparison of developmental rate of exposed and un-exposed embryos in MEF and HEF To find out whether any difference in developmental rate of embryos after exposure to visible light and co-culture with either MEF or HEF may exist compared to their control, we subtracted the developmental rate in exposed co-cultured embryos (MEF30 and HEF30; Table 1 ) from its control (MEM30; Table 1 ) and un-exposed co-cultured embryos (MEF0 and HEF0; Table 1 ) from its control (MEM0; Table  1 ). By referring to Fig. 3 it can be seen that the developmental rate difference in exposed embryos cocultured with either MEF or HEF was nonsignificantly higher than un-exposed embryos co-cultured with either MEF or HEF.
Discussion
Present study has investigated the potential of two embryonic fibroblast co-culture systems to overcome possible deleterious effects of visible light which may affect embryo development during manipulations in the laboratory. To come closer to the conditions that embryos are prone to during manipulations and cultivation in the laboratory, we exposed 2-cell mouse embryos to 1,600 lx visible light for various lengths of time. Our results showed that mouse 2-cell embryos may not tolerate exposure to visible light longer than 45 min in either simple (HTF) or complex (MEM-α) culture media. Exposure of mouse oocytes to 4,000 lx illumination had no adverse effect on the rate of implantation following IVF and embryo transfer [13] . Similar to mouse oocytes and in contrast to mouse 2-cell embryos (our results), rabbit day 1 embryos are less sensitive to visible light and they may tolerate 8 h exposure to visible light. But rabbit oocytes as well as hamster oocytes are more sensitive to visible light [7] . By comparing the results of different studies on various animals, it can be suggested that the nature of an animal is an influential factor in resistance to visible light. The studies on animal living cells have demonstrated that shortwavelength visible light is more damaging to cultured cells [11] . Human fibroblasts when exposed to fluorescent light underwent degrees of break in chromatin and also more chromatid exchanges were detected [30] . In addition, exposure of bovine trabecullar cells to different wavelength visible light resulted in various degrees of changes in the cell shape, cell metabolism and phagocytic activities [31] . The same conclusion is correct for mouse embryos having been exposed to various types of visible light [9] .
Both feeder layers we used in our study could enhance embryo development following 4 and 5 days cultivation in laboratory. In Fig. 3 we have subtracted the developmental rate of un-exposed and exposed embryos from their own controls to show which treatment group was more greatly influenced by feeder cells. Differences between developmental rates of exposed embryos co-cultured with both MEF and HEF were greater than the difference between developmental rate of un-exposed embryos cultured with either MEF or HEF. In other words, under suboptimal conditions co-culture systems had greater positive effects on embryo development. Many studies have reported the benefits of co-culture systems in animal and human studies. However, use of feeder cells in human ART procedures has some limitations. Co-culture systems require both skilled persons and cell culture equipments. Besides, some investigators claim that co-culture systems are time-consuming and may increase the risk of genetic contaminations. They suggest that sequential culture media can be a good candidate for co-culture systems. Even if this argument is correct, it should be noted that in suboptimal conditions, which are most often present in ART laboratories, coculture systems might eliminate the harmful effects of environmental factors on embryo development. Many studies have reported the beneficial effects of co-cultures on embryo development in vitro in humans [1, 32, 33] ; domestic animals [34, 35] and rodents [19, 26, 27] . However, it is not fully elucidated why co-culture of embryos with somatic cells improves embryo development. Some investigators claim that co-culture systems may remove toxic components such as heavy metal divalent cations and metabolic inhibitors from the culture medium; negative conditioning, and discharge embryotrophic components such as peptides into the culture medium; positive conditioning, [36, 37] . In fact, in vivo produced embryos traveling through the fallopian tube towards the uterine cavity benefit from a highly dynamic micro-environment surrounding. In vitro produced and cultured embryos are prone to suboptimal conditions present during embryo cultivation in the laboratory. By the use of feeder cells the embryo environment comes closer to the in vivo conditions. If these conditions are similar to in vivo environments, the results will be comparable to the in vivo embryo development [32, 38, 39] . However, even by using the most controlled conditions for embryo development in the laboratory, still the rate of development and further pregnancy is lower than the expected rate [21] . We may suggest that deleterious effects of visible light may have overcome by the aim of feeder cells. It is not clear which mechanisms in co-culture systems, positive conditioning or negative conditioning interfere with improvement of embryo development. Since the negative conditioning is proposed to remove the reactive oxidative species produced Experiments were replicated eight times. MEM0 is un-exposed embryos cultured in MEM-α; MEM30 is the groups of embryos exposed to visible light for 30 min followed by culture in MEM-α; HEF0 and MEF0 are un-exposed embryos co-cultured with HEF and MEF respectively; HEF30 and MEF30 are the groups of embryos exposed to visible light for 30 min followed by co-culture with HEF and MEF respectively. Day 3, 4 and 5 are days in which embryos developed beyond morula, expanded blastocyst and hatching or hatched blastocyst stage respectively *P<0.05 and **P<0.01 Comparing to MEM30 Fig. 3 Change in developmental rate when development in cocultured groups was subtracted from control at the same developmental day. HEF0 and MEF0 are un-exposed embryos and HEF30 and MEF30 are embryos which were exposed to 1,600 lx visible light for 30 min in suboptimal conditions, for example after exposure to light from different sources [9] , we speculate that the negative conditioning most likely may have been responsible for reducing the harmful effects of environmental factors on embryo. In co-culture systems an important challenge has received little attention: the type of a media which can simultaneously support the growth of feeder cells and embryos. Embryos are usually grown in simple culture media with low glucose concentration, EDTA and free of fatty acids. Most of the feeder cells benefit from high concentrations of glucose, vitamins and essential and nonessential amino acids. Our results showed embryo development in HTF medium (a simple culture medium compared to MEM-α) did not significantly change developmental rate to hatching blastocyst. MEM-α is a modified MEM medium with low glucose concentration which in our work supported both growth of feeder cells and development of embryos. To improve embryo development in vitro, Azadbakht et al. (2007) used a rather complicated two step culture system previously suggested by Fong et al. (1998) in which embryos were cultured first in G-1™ ver3 and after 24 h transferred into polarized or non-polarized oviductal cell co-culture system. By this method they reported high developmental rate as well as low aopoptotic blastomeres in the blastocysts. In our study we used MEM-α through the experiments and the results after co-culture are promising and show MEM-α is an appropriate culture media in embryos co-culture procedures. However, further studies, in which different culture media as well as sequential media are used, may demonstrate the appropriate conditions for co-culturing of embryos with feeder layers.
Both established [26, 40] and non-established cells [19, 37, 41] have been employed as feeder cells to improve the quality of embryos and the rate of embryo development and further implantation. Cells from the genital tract, especially fallopian tube epithelium, have been extensively used as feeder cells. However, genital tract epithelial cells production have some limitations [42] . In our experiments we used mouse and human embryonic fibroblasts because fibroblast cells are easily grown in the laboratory and do not require special growth factors and supplements. They secrete various growth factors, and also remain un-changed in passages and their doubling time is relatively high [21, 37, 43] . By culturing fibroblasts from a given species for the coculture of embryos from the same species, the danger of genetic inter-species contamination is eliminated. In our experiments, the rate of embryo development in both coculture systems (Human Embryonic Fibroblasts and Mouse Embryonic Fibroblasts) was nearly identical, leading to the assumption that the origin of feeder cells is not an influential factor for embryo co-culture. This conclusion is supported by the study of Miami et al. (1994) who reported the influence of oviductal cells on embryo development is not species-specific and the study of Li (2001) who reported no significant difference in blastocyst transformation after equine oocytes maturation, fertilization, and development in the presence of either oviduct epithelial cells or fetal fibroblast cells.
Conclusions
From the results of our study we may conclude that mouse embryos are sensitive to visible light and may not withstand deleterious effects of visible light when exposed longer than 45 min to 1,600 lx visible light. Embryonic fibroblast feeder cells, irrespective to their origin, improve embryo development especially when embryos encounter suboptimal conditions such as visible light.
